interests. [16] [17] [18] Isofraxidin, chlorogenic acid and rutin are the main active compounds in this herb, 11, 15, 19 and their structures are illustrated in Fig. 1 . Among these active compounds, the content of isofraxidin is an important indicator for the quality valuation of the TCMs made of this herb. 20 Many methods have been used to analyze the constituents of A. senticosus Harms, such as HPLC with UV/Vis, mass spectrometry (MS), nuclear magnetic resonance (NMR) or fluorescence (FL) detections. 15, 19, 21 The active compounds in the roots and the leaves of this herb have been analyzed in detail. 19, 22 But, the identification of this herb from the different sources and the different parts of this herb, and the distribution of these active constituents in the different parts have not been studied so far.
In this paper, the contents of the three active compounds in these herbs, the CE-ED profiles (namely, CE-ED electropherograms) of the stems of A. senticosus Harms from the different sources and the different parts of this herb were analyzed by the CE-ED method. By comparison of the CE-ED profiles obtained, the herbs from the different sources could be easily distinguished, as could the different parts of this herb. Besides, the distributions of these active constituents in the different parts of this herb were also investigated. The results indicated that the contents of the three active compounds were clearly different in the different parts, and were influenced by the source. Thus, the CE-ED method is proved to be a potential method for the TCMs identification.
Experimental

Reagents and solutions
Isofraxidin, rutin and chlorogenic acid were from National Institute for the Control of Pharmaceutical and Biological Products. All herb samples were kindly provided by Life Science College of Heilongjiang University. Other chemicals were of analytical grade and were used as received without further purification. All aqueous solutions were prepared with doubly distilled water.
Stock solutions with concentrations of 5.0 mM for all standards were prepared in methanol and stored in a refrigerator (4˚C). A desired concentration was diluted with the doubly distilled water prior to use. The pH value for a mixture of NaH2PO4 and borax solution was adjusted with either 0.20 M HCl or 0.20 M NaOH, respectively. All solutions were filtered through a 0.22-μm membrane before use.
Apparatus and conditions
A laboratory-built end-column CE-ED detection system has been described previously. 23 Separation voltage applied on two ends of the capillary was provided by a high-voltage (±30 kV) DC power supply (Shanghai Institute of Applied Physics, China). A 40-cm length of 25 μm i.d., 360 μm o.d., fused silica uncoated capillary (Yongnian Optical Fiber Factory, Hebei, China) was used for the separation. Before the first use, the capillary was flushed with 0.1 M NaOH aqueous solution overnight. In order to guarantee good reproducibility, we rinsed the capillary with doubly distilled water and the running buffer for 2 min and 4 -6 min between consecutive runs, respectively.
A traditional three electrodes electrochemical configuration, consisting of a 33 μm carbon fiber microdisk electrode (CFE) working electrode, a Pt wire auxiliary electrode, and an Ag/AgCl (saturated with KCl) reference electrode, was used in this experiment. The preparation of the CFE was reported before. 23 Before use, the CFE was ground on a piece of fine sandpaper and ultrasonicated in the doubly distilled water, and finally carefully aligned at the outlet of capillary in order to arrange in a wall-jet configuration of end column mode.
Electrochemical current was monitored by an electrochemical workstation of CH Instruments Model 800 voltammetric analyzer (CH Instruments, Austin, TX, USA). The CE separation was performed with a running buffer as a 7.0 mM NaH2PO4-7.5 mM borax (pH 7.0) solution at a separation voltage of 15 kV. The detection potential applied on the working electrode was +1.2 V (vs. Ag/AgCl). All samples were injected at a height of 17 cm for 25 s.
Sample preparation
All herbs of A. senticosus collected from four different sources and different parts of this herb were designed for the study of effect of the different sources and the different parts on their active components.
Concerning the herbs from the different sources, only the sources are different, while the other conditions were ensured to be the same, such as the same growing periods ( same source was not from one individual plant, but from a mixture of many plants collected together. For all the herb samples from the different parts, they had the same source (Wuchang), the same growing periods (3 years) and the same harvest season (June, 2005), only the parts were different. In addition, the herb sample of each part was from a mixture of this part of many plants collected together.
Samples of all herbs were ground into powder with an herbal crusher through a 40-mesh sieve (FZ 102 Minisize Crusher for Herbal Sample, Yongguangming Medical Instrument Factory, Beijing, China). Then, 0.5 g powder samples for each herb were extracted with 5 mL of methanol separately for 20 min in an ultrasonic bath. The supernatant was moved out. The extraction procedure was repeated three times. Next, each of the total extracted solutions was concentrated nearly to dryness. Methanol was added to dissolve the residue to a final volume of 5.0 mL. Before analysis, all sample solutions were filtered through a 0.22-μm membrane and diluted in the doubly distilled water to a required concentration (50% methanol), which could be directly injected for analysis.
Results and Discussion
Cyclic voltammetry
Cyclic voltammograms (CVs) of isofraxidin, rutin and chlorogenic acid at the CFE are shown in Fig. 2 . From the CVs, it could be seen that isofraxidin yielded two irreversible oxidation peaks at about +0.60 and +0.90 V, respectively; rutin gave two irreversible oxidation peaks at about +0.40 and +1.0 V, respectively, while an irreversible oxidation peak for chlorogenic acid was observed at about +0.60 V. The current of their second irreversible oxidation peak was higher than the first for both isofraxidin and rutin. The two oxidation peaks were probably caused by the oxidation of methoxyl and hydroxyl group for isofraxidin, and several electron transfer steps proceeded while hydroxyl groups were oxidated for rutin.
24,25
Selection of running buffer
The nature of running buffer extremely influences CE separation efficiency (Rs). Because Rs values of chlorogenic acid and rutin were much larger than 5, while the migration time of rutin was similar to that of isofraxidin, we investigated the effects of different buffers on Rs of isofraxidin and rutin (Fig. 3) .
We firstly used a phosphate buffer solution (PBS) as the running buffer for the CE separation of isofraxidin and rutin. The resolution of isofraxidin and rutin was poor when 20 mM PBS (pH 6.0) was used (Fig. 3A) . For the good resolution of isofraxidin and rutin, we changed the pH value of PBS to 8.8. Nevertheless, the rutin was not detected within 13 min and the peak current of isofraxidin decreased (Fig. 3B ).
Then, a 0.10 M borate buffer solution (pH 9.1) was used as the running buffer (Fig. 3C ). The good resolution of isofraxidin and rutin could finally be achieved. However, lower peak currents of isofraxidin and rutin were obtained.
Finally, we tried a mixture of 7.5 mM NaH2PO4 and 7.5 mM borax (pH 6.0) for the separation. Under this condition, the excellent resolution and the higher peak currents for isofraxidin and rutin could be obtained (Fig. 3D) by comparison with the results using other buffers. Thus, the mixture of borax and NaH2PO4 solutions was selected as the running buffer, which was accordant with previous reports. 26 The reason of improvement of the resolution for isofraxidin and rutin was that the borate can chelate with the analytes to form more soluble complex anions. 27 
Optimization of analytical procedure
The selection of the detection potential applied on the working electrode is of vital importance in order to obtain a high sensitivity. Figure 4 depicts the hydrodynamic voltammograms (HDVs) of isofraxidin, rutin and chlorogenic acid at the 33 μm CFE. As for isofraxidin, the peak current was very low from 0.45 to 0.70 V, then increased dramatically and reached a plateau at 0.90 V. After 1.15 V, the peak current again increased and reached another plateau at 1.2 V. Finally, the peak current began to decrease with the higher detection potential. Rutin exhibited a variation trend similar to that of isofraxidin. But the two plateaus stood between 0.80 -1.1 V, and 1.2 -1.35 V, respectively. These HDVs results of isofraxidin and rutin were consistent with their CVs, in which there were two irreversible oxidation peaks and their second irreversible oxidation peak was higher than the first. As for chlorogenic acid, the peak current increased with increasing the detection potential and reached the highest value at 1.2 V, and then decreased after that.
During the experiments, the background noise increased very slowly with the detection potential from 0.45 to 1.35 V. Therefore, the 1.2 V was selected as the optimized applied potential for the sensitive and the stable detection of isofraxidin, rutin and chlorogenic acid.
Subsequently, the effects of injection time (from 8 to 35 s), buffer concentration (from 5.0 to 8.5 mM for NaH2PO4, and from 5.0 to 9.0 mM for borax), pH value of buffer (from 5.0 to 9.0) and separation voltage (from 5.0 to 17.5 kV) on the peak current, the migration time and the separation efficiency (namely, theoretic plate numbers (N)) were each studied. In order to obtain a sharper peak and a higher detection signal, we selected 25 s as the injection time. When the pH value of the buffer was 7.0, the highest peak currents and shorter migration time for the analytes were obtained. Besides, we found that the migration time of isofraxidin did not change over the whole buffer concentration range of NaH2PO4 and borax. This result is accordant with previous reports. 26 High detection sensitivity was thus achieved when the mixture of 7.0 mM NaH2PO4 and 7.5 mM borax solution was used. Therefore, we chose it as the running buffer.
The high separation efficiency is extremely significant in order to avoid the interference from complicated samples such as the TCMs. Therefore, the effects of separation voltage on the separation efficiency and the peak current were investigated. It was found that the highest peak currents for isofraxidin and rutin were achieved when the separation voltage was 15 kV. At the same time, the N value was the largest for rutin, but for isofraxidin increased slowly from 15 to 17.5 kV. Considering the peak current and the N together, we selected 15 kV as the optimum separation voltage. Under this condition, the N values for isofraxidin and rutin were of 2.8 × 10 5 and 1.9 × 10 5 (40 cm separation capillary), respectively.
Based on the experiments, we determined the optimized separation and detection conditions: detection potential at 1.2 V, 7.0 mM NaH2PO4-7.5 mM borax (pH 7.0) buffer, injection time 25 s at a height of 17 cm and separation voltage at 15 kV to accomplish the highly sensitive and the highly efficient separation.
Under such optimized conditions, baseline separation of isofraxidin, rutin and chlorogenic acid with the high sensitivity was accomplished within 6 min. A typical electropherogram for the standard mixture solution was shown in Fig. 5 . The peak identification was performed with spiking method. The unknown peak was an electroactive foreign substance in the rutin standard sample, which was confirmed by comparing electropherograms of rutin and blank.
In the CE-ED experiment, the conditions of the electrode and the capillary greatly influence stability and reproducibility of the detection results. In this experiment, the treatment methods of the CFE and the capillary were the same as before. 10 The capillary was only treated with the doubly distilled water and the running buffer for 2 and 4 min. The CFE was treated in an ultrasonic bath for 1 min before experiment everyday.
Method evaluation
Under the optimized conditions described previously, a series of the standard mixture solutions with concentration ranging from 1.0 × 10 -7 to 1.0 × 10 -4 M for isofraxidin and rutin, and from 1.0 × 10 -6 to 5.0 × 10 -5 M for chlorogenic acid were each studied. Detection limits actually detected and linear ranges of these analytes obtained by the CE-ED method are listed in Table 1 . The detection limit and the linear range of rutin obtained in this experiment was comparable to that reported previously with the CE-ED method. 28, 29 As for isofraxidin, the detection limit was 1 order of magnitude lower and the linear range was 1 order of magnitude wider than that with CE-UV method. 26 But for chlorogenic acid, the detection limit was 1 order of magnitude higher and the linear range was 1 order of magnitude narrower than that reported before with the CE-ED method. 30 In this research, the running buffer of 30 mM borate solution (pH 9.5) used was different from ours, which affected the peak response. Such results indicated that the optimum condition of the separation and the detection for isofraxidin and rutin was not the optimum for the analysis of chlorogenic acid.
The intra-day reproducibility of the method was carried out by consecutive detections of 6 injections of a standard mixture solution containing 1.0 × 10 -5 M isofraxidin, 2.0 × 10 -5 M rutin and 2.0 × 10 -5 M chlorogenic acid under the optimum conditions. The RSDs (n = 6) for the peak current (< 2.4%) and the migration time (< 0.70%) are shown in Table 2 . The low RSD values obtained indicated that the reproducibility of this method for the analysis of the standard samples was satisfactory.
Analysis of herb extract Detection contents of analytes in herbs.
As mentioned above, the contents of the active compounds in the herb are influenced by the source. Here, the stems of A. senticosus (Rupr. Et Maxim.) Harms from the four different sources were analyzed. All the sources are located in Heilongjiang province; they are Maoershan, Wudalianchi, Mudanjiang and Wuchang.
In addition, the contents of the analytes in the different parts of this herb were also detected. The peak identifications of isofraxidin, rutin and chlorogenic acid in the real sample solutions were assured by spiking methods. The contents of isofraxidin, rutin 708 ANALYTICAL SCIENCES JUNE 2007, VOL. 23 and chlorogenic acid in the real samples were determined by comparison of each one's peak heights in the standard solution and that in the real samples. Detection results are summarized in Table 3 .
In all the stems of A. senticosus Harms from the four different sources, no rutin was detected. The contents of isofraxidin and chlorogenic acid were different for the different sources. The concentration of isofraxidin in the stems from Wuchang (0.021 mg g -1 ) was comparable with that from Mudanjiang (0.023 mg g -1 ), and was the highest. In contrast, the content of isofraxidin in the stems from Wudalianchi (0.0021 mg g -1 ) was the lowest, and was only a tenth of that from Wuchang, while the content of isofraxidin from Maoershan (0.0065 mg g -1 ) was three-tenths of that from Wuchang. The content of chlorogenic acid was the highest for Mudanjiang (1.1 mg g -1 ) and was the lowest for Wudalianchi (0.23 mg g -1 ). From Table 3 it could be found that the concentration difference of isofraxidin for the different districts in Heilongjiang province was very clear. Therefore, we suggest that the source of the herb A. senticosus Harms should be definitely demanded because the content of isofraxidin is an important indicator for quality valuation of the TCMs made of the herb A. senticosus Harms.
In addition, as for the different parts of the herb A. senticosus Harms, the contents of the analytes were also obviously different. The rutin was only found in the leaves of A. senticosus Harms, which was accordant with a previous report. 19 The content of isofraxidin in the stems was comparable with that in the rhizomes, and was 10 times that in the leaves, which was the same as that in the roots. The content of chlorogenic acid in the roots was the highest, and such content in the leaves was the lowest.
Reproducibility of CE-ED method and recoveries of analytes for analysis of herb.
Owing to the very complicated components in the herbs, which extremely influence the stability of the separation capillary and the activity of the working electrode, the capillary and the electrode should be treated between continuous determinations of the TCMs extract solution. Between runs, the capillary was washed with water for 2 min and with the running buffer for 6 min; the CFE electrode should be activated by scanning between -0.2 and 1.2 V for 20 cycles besides ultrasonic treatment for 1 min prior to experiment everyday. Otherwise, the peak current decreased 24% and the migration time prolonged 45 s for isofraxidin. Thus, after the simple treatment, the satisfactory reproducibility was achieved ( Table 2 ). The precisions of the peak current and the migration time (as RSD) were between 3.4 and 6.0%, and 0.7 and 1.8%, respectively. These results proved that the CE-ED method provided the good stability and the good reproducibility for the analysis of the real samples.
The recoveries were determined by spiking method under the optimum conditions. The standard-spiked extract of the stems of A. senticosus Harms (Wudalianchi, Heilongjiang) was examined. The average recoveries and the RSDs were 107 and 3.3% for isofraxidin, and 102 and 4.8% for chlorogenic acid, respectively (n = 3). Because no rutin was found in the stems of this herb, the extract of the leaves of this herb was studied. The average recovery and the RSD for rutin were 98 and 4.6%, respectively.
Identification analysis of herbs
Because the contents and the components of the active compounds in the herbs are influenced by the sources, 2 the quantitative analysis and the qualitative analysis of the compounds in the TCMs are very important to ensure authenticity, quality, safety and efficacy. We applied the CE-ED method for the identification analysis of the herb A. senticosus Harms from the different sources and the different parts of this herb, and investigated the distribution of the bioactive ingredients (isofraxidin, chlorogenic acid and rutin) in the different parts (roots, rhizomes, stems and leaves) of this herb.
The distinguishability was investigated based on peak number, peak height and peak height ratio of the electroactive compounds in the context of the same diluted mass concentration for each herb. To explain it more clearly, we divided the electropherograms into several electropherogram segments for the identification analyses of these herbs. The isofraxidin, rutin and chlorogenic acid are the important bioactive ingredients in the herb A. senticosus Harms. Therefore, these three compounds were commended as markers. a. CE-ED conditions were the same as in Fig. 5 . b. Detection limit actually detected was estimated to be three times the signal-to-nose. c. In the regression equation, the x-value was the concentration of analytes (10 -6 M), the y-value was the peak current (10 -12 A). Table 1 Detection limits and regression equations of isofraxidin, rutin and chlorogenic acid were examined for the precision analysis of isofraxidin and chlorogenic acid, and rutin, respectively. Heilongjiang province were different (Fig. 6) . From segment 1, the four electropherograms could be divided into two groups: electropherograms c and d, and electropherograms a and b, based on the peak height difference between peaks 1 and 1 a (1 b , 1 c , 1 d ) . In the electropherograms c and d, the peak heights of the peak 1 were higher than that of the peaks 1 c and 1 d , and their peak height ratios (i.e., ip1/ip1 c , ip1/ip1 d ) were similar. But, the peak height of peak 1 was less than 1 b for the electropherogram b and similar to that of peak 1 a for the electropherogram a. The further identification within the two groups was conducted as follows.
Firstly, because the electropherograms c and d could not be identified in the segment 1, the identification of the electropherograms c and d was carried out by comparing segments 2 and 3. In segment 2, there were much higher peak currents for 5 peaks in the electropherogram d, compared with that in the electropherogram c. In segment 3, the peak height of peak 3 was higher than that of peaks 3 d for the electropherogram d, but just the reverse for the electropherogram c. Thus, the stems of A. senticosus Harms from Wuchang and Mudanjiang could be easily distinguished by comparing their unique electropherograms obtained by the CE-ED method.
Secondly, except for segment 1, the identification of the electropherograms a and b was also conducted by comparing segments 2′ and 3′, respectively. In segment 2′, there were 3 peaks for the electropherogram b, but none for the electropherogram a. In segment 3′, 4 peaks were found for the electropherogram a, and only 2 peaks for the electropherogram b. Therefore, the electropherograms a and b could be easily distinguished based on comparison of the 3 segments.
From Fig. 6 one can see that the CE-ED profiles of the stems of A. senticosus Harms from the different sources had clear differences and could be easily identified. This indicated that the proposed CE-ED method could be used to identify not only the herbs from the different species, 10 but also those from the different sources, which is very important for the identification analysis of the TCMs. Identification of different parts of herb. The distribution of the compounds in the different parts of an herb is different. Here, we used the CE-ED method to distinguish the different parts of the herb A. senticosus (Rupr. Et Maxim.) Harms (namely, roots, stems, rhizomes and leaves). The electropherograms of the different parts of this herb obtained with the CE-ED method are shown in Fig. 7 .
In segment 1, the electropherograms could be divided into two groups: the stems and the rhizomes, and the leaves and the roots, based on peak height of peak 1. The peak heights of peak 1 in the roots and the leaves were much lower than that in the stems and the rhizomes. And the further identification within the two groups was conducted as follows.
Firstly, because in segment 1 the peak heights of the peak 1 were similar, we could distinguish the electropherograms of the roots and the leaves from segments 2 and 3. In segment 2, there were higher and more peaks for the leaves (8 peaks) than for the roots (3 peaks). Moreover, the marker rutin (peak 2) was found only in the leaves. In segment 3, the higher and more peaks were obtained for the roots (5 peaks), but not for the leaves (3 peaks).
Secondly, the rhizomes and the stems could be identified from the segments 1 and 3′. In segment 1, the peak currents of the peak 1 were similar for the stems and the rhizomes, but peak height ratios of the peak 1 and 1′ (1″) (i.e., ip1/ip1′ and ip1/ip1″) were somewhat different. In the electropherogram of the stems, the peak height ratio (ip1/ip1′) was larger than 1. But the peak height ratio (ip1/ip1″) was less than 1 for the rhizomes. In segment 3′, 4 peaks were found for the rhizomes, and only 2 peaks for the stems.
Thus, the different parts of the herb A. senticosus Harms were 710 ANALYTICAL SCIENCES JUNE 2007, VOL. 23 a. CE-ED conditions were the same as in Fig. 5 . b. NF, not found. identified based on these different electropherogram segments. And the application scope of the CE-ED method in the identification analysis of the herbs could be further extended.
Conclusions
Because the constituents in the TCMs are complicated, the quantitative and the qualitative analyses of the TCMs are very important to assure the efficacy and the safety of the TCMs. In this paper, the CE-ED profiles of the stems of A. senticosus (Rupr. Et Maxim.) Harms from the different sources both in Heilongjiang province (namely Wuchang, Maoershan, Wudalianchi and Mudanjiang) and the different parts of this herb were analyzed. The experiment results indicated that the herbs from the different sources could be easily identified based on several different segments in their electropherograms obtained by the CE-ED method. So could the different parts in this herb. In addition, the identification of the herbs from the different sources further affirmed that the CE-ED method could be considered as a potential technology for the identification analysis of the TCMs.
